The GAAA tetraloop-receptor is a commonly occurring tertiary interaction motif in RNA. This motif usually occurs in combination with other tertiary interactions in complex RNA structures. Thus, it is difficult to measure directly the contribution that a single GAAA tetraloop-receptor interaction makes to the folding properties of an RNA. To investigate the kinetics and thermodynamics for the isolated interaction, a GAAA tetraloop domain and receptor domain were connected by a singlestranded A 7 linker. Fluorescence resonance energy transfer (FRET) experiments were used to probe intramolecular docking of the GAAA tetraloop and receptor. Docking was induced using a variety of metal ions, where the charge of the ion was the most important factor in determining the concentration of the ion required to promote docking ([Co(NH 3 . Analysis of metal ion cooperativity yielded Hill coefficients of ≈ 2 for Na + -or K + -dependent docking versus ≈ 1 for the divalent ions and Co(NH 3 ) 6 3+ . Ensemble stopped-flow FRET kinetic measurements yielded an apparent activation energy of 12.7 kcal/mol for GAAA tetraloopreceptor docking. RNA constructs with U 7 and A 14 single-stranded linkers were investigated by single-molecule and ensemble FRET techniques to determine how linker length and composition affect docking. These studies showed that the single-stranded region functions primarily as a flexible tether. Inhibition of docking by oligonucleotides complementary to the linker was also investigated. The influence of flexible versus rigid linkers on GAAA tetraloop-receptor docking is discussed.
A variety of RNA tertiary interaction motifs have been identified, including loop-loop interactions between hairpin or internal loops, A-minor interactions, and pseudoknots (5) (6) (7) (8) (9) (10) . One of the most frequently occurring tertiary motifs in RNAs is the interaction of a GNRA hairpin tetraloop domain with an asymmetric internal loop receptor domain (11) . The bestcharacterized example of this motif is the interaction between a GAAA tetraloop and 11-nucleotide tetraloop receptor, which has been shown to stabilize the folded structures of group I and group II introns and the specificity domains of RNase P (11) (12) (13) (14) . Structures for the free GAAA tetraloop and free receptor have been solved by NMR 1 spectroscopy (15) (16) (17) . The structure of the GAAA tetraloop-receptor complex has been solved by X-ray crystallography as part of the P4-P6 domain of the Tetrahymena group I ribozyme (18) and the specificity domain of RNase P (19) and has been further characterized by NMR spectroscopy (20) . These structures show the tetraloop contacting the minor groove of the receptor domain, with numerous stabilizing hydrogen bonding and base stacking interactions.
The folded structures of natural RNAs are typically stabilized by multiple tertiary contacts. For example, the tertiary fold of the P4-P6 domain is stabilized by a GAAA tetraloop-receptor interaction and an interaction between the A-rich bulge of the P5a domain with the P4 helix (18) , and additional tertiary contacts are formed between this domain and other regions in the full Tetrahymena ribozyme (21) . These multiple contacts make it difficult to determine the contribution of a single tertiary interaction to the stability of the folded structure. Previous studies have indirectly probed the GAAA tetraloop-receptor interaction by measuring the folding of P4-P6 domains (12, 22) and group II introns (23) that contain changes in the sequence of the tetraloop and/or receptor.
Several studies have investigated the GAAA tetraloop-receptor interaction in the absence of other tertiary interactions. For example, a simple bimolecular GAAA tetraloop-receptor system has been shown to associate with a K D of 0.4 mM at 125 mM Mg 2+ (24) . Molecules termed "tecto RNAs" have been designed to form homodimers stabilized by two intermolecular GAAA tetraloop-receptor interactions, and these homodimers form with K D s as tight as 4 nM at 15 mM Mg 2+ (25, 26) . We previously measured the Mg 2+ dependence for the equilibrium and kinetics for intramolecular docking of a GAAA tetraloop with its receptor using a construct where these two domains are connected by an A 7 single-stranded linker, and the study yielded a docking equilibrium constant of ≈ 20 at 10 mM Mg 2+ (27) .
Mg 2+ is critical for folding of most RNAs because these ions help neutralize charge-charge repulsions in compact RNA structures. In vitro, other divalent cations can often substitute for Mg 2+ . For example, the Tetrahymena ribozyme shows high activity in the presence of Mn 2+ ions, whereas this RNA appears to have a native fold but is not catalytically active with Ca 2+ ions (28) . Not all RNAs absolutely require Mg 2+ for folding, and RNAs such as the hairpin and hepatitis delta virus ribozymes are catalytically active in the absence of Mg 2+ (but only at high monovalent ion concentrations) (29) . Thus, RNA folding has a complex dependence on metal cations. The metal dependence can be particularly complex in larger RNAs, which have multiple tertiary interactions that can interact with metal ions in different ways.
In this work we investigate the metal ion dependence of a simple tertiary interaction, the GAAA tetraloop-receptor. As previously discussed, connecting the GAAA tetraloop and receptor with a flexible single-stranded linker allows intramolecular docking to be studied independently of other tertiary interactions (27) . The effect of various multivalent and monovalent cations on GAAA tetraloop-receptor docking was studied here by ensemble FRET techniques. The results show that docking is stabilized by a variety of cations, but with different apparent affinities and cooperativities. The kinetics of GAAA tetraloop-receptor docking were investigated using ensemble stopped-flow fluorescence experiments, demonstrating a significant apparent activation energy for docking. The sequence and length of the single-stranded region were varied in this RNA, and the effects on the docking equilibrium and kinetics were measured using both single-molecule and ensemble fluorescence methods. These results show that the single-stranded linker simply tethers the two domains together but does not orient them for docking. These data are compared with previous studies where the linker optimally orients the tetraloop and receptor domains. Ensemble and single-molecule FRET studies were also performed where oligonucleotides complementary to the single-stranded linker were used to reversibly inhibit docking, and potential applications of these inhibitors are discussed. The results here lead to a better understanding of the factors that affect the stability and folding of the frequently occurring GAAA tetraloop-receptor tertiary interaction.
EXPERIMENTAL PROCEDURES

RNA Constructs
Chemically synthesized 5′-amino modified RNA oligonucleotides were purchased from Dharmacon (Lafayette, CO) and the 5′-biotin modified DNA oligonucleotide from Integrated DNA Technologies (Coralville, IA) 2 . The sequence and secondary structure of the A 7 construct used here is shown in Figure 1 . Fluorescence labeling of the RNAs was achieved by coupling Cy3 (FRET donor) or Cy5 (FRET acceptor) N-succinimidyl esters (Amersham Biosciences) to amino groups on the 5′ end of the oligos. All oligos were purified by microfiltration to remove unreacted Cy3 or Cy5, followed by C-18 reverse-phase HPLC. Stock solutions of the GAAA tetraloop-receptor complexes were made by mixing 1 μM of the appropriate Cy3-RNA strand, 1.5 μM of the complementary Cy5-RNA strand, and 2.0 μM of the biotin-DNA strand, heating to 70 °C for 3 min and slow cooling to room temperature. Unless otherwise noted, all experiments were performed at 25 °C using standard buffer conditions of 50 mM HEPES pH 7.5, 100 mM NaCl, 0.1 mM EDTA.
Docking of the GAAA Tetraloop-Receptor Monitored by Ensemble FRET
Fluorescence spectra were recorded for 20 nM RNA solutions using a Photon Technology International spectrofluorometer. Excitation was set at 500 nm (4 nm bandwidth) and emission measured in 1 nm steps from 525 to 700 nm (8 nm bandwidth). The FRET efficiency, E FRET , for each fluorescence spectrum was approximated as E FRET = I A /(I D + I A ), where I A is the total acceptor intensity and I D is the total donor intensity. I D and I A were determined by summing the intensity at each wavelength from 549-620 and 655-700 nm, respectively.
Metal cation titrations were performed by manually pipeting small volumes of a concentrated solution of the appropriate metal chloride directly into the cuvettes, mixing for ≈ 1 min with a magnetic stir bar, and recording the fluorescence spectra. The resulting E FRET values determined at various concentrations for each metal ion were fit to the equation (1) 2 Mention of commercial products is for information only; it does not imply NIST recommendation or endorsement, nor does it imply that the products mentioned are necessarily the best available for the purpose.
where [M] is the metal ion concentration, e i is the FRET efficiency with no metal ion added, Δe is the maximum change in FRET efficiency induced by addition of metal ion, K 1/2 is the apparent dissociation constant for the cation, and n is the Hill coefficient. This fit assumes the simple metal binding model: such that the observed E FRET results from the population-weighted E FRET of the undocked and docked states, with no significant contribution from intermediate states.
The procedure for titration of the oligonucleotides complementary to the single-stranded linker was essentially the same as for the metal cation titrations. The resulting FRET data was fit assuming the following reaction model such that (2) where e i is the E FRET prior to addition of any oligonucleotide inhibitor, Δe is the maximum change in E FRET upon addition of the inhibitor (in this case a negative number), and K D is the apparent dissociation constant for binding of the oligo to the RNA construct.
Ensemble Stopped-flow Fluorescence Experiments of GAAA Tetraloop-Receptor Docking Kinetics
Ensemble measurements of docking kinetics were performed on an Applied Photophysics model SX.17MV stopped-flow fluorometer. All experiments were performed under standard buffer conditions. Docking was initiated by rapid mixing with various concentrations of Mg 2+ . For each experiment, 4000 data points were collected over 100 ms, with a 2 ms dead time between mixing and collection. At least four runs were averaged for each data point. Fluorescence was excited at 532 nm, which primarily excites the Cy3 donor. Measurement of emission corresponding to the Cy5 acceptor was achieved using a 645 nm long pass filter. The increase in FRET efficiency from docking resulted in a time-dependent increase in Cy5 emission. These data were used to determine the apparent rate constant for docking, k obs , by fitting the to the equation:
Where F A is the observed acceptor fluorescence as a function of time, F A o is acceptor fluorescence at t = 0, and ΔF A is the change in fluorescence between t = 0 and t = ∞ The temperature dependence of k obs was measured at 10 mM final Mg 2+ concentration and fit to the Arrhenius equation to determine the apparent activation energy: (4) Where E a is the apparent activation energy, R is the gas constant, T is the absolute temperature, and A is the Arrhenius pre-exponential factor. The Mg 2+ dependence of k obs was also measured at a constant temperature of 23 °C.
Single-molecule FRET Experiments on the GAAA Tetraloop-Receptor
Single-molecule fluorescence was measured on optically resolved single molecules using a water-immersion confocal fluorescence microscope system with excitation at 532 nm, described elsewhere (27) . To enable long observation times for each molecule (≈ 2-30 s, limited by dye photobleaching), the RNA samples (initially at ≈ 25 pM) were immobilized on a glass microscope cover slip via biotin-streptavidin association. A nano-piezo scanning stage was used to locate molecules on the glass, then donor and acceptor emission were collected simultaneously to determine E FRET in real time, where E FRET = I A /(I D + I A ). Single-step photobleaching of the dyes confirmed the observation of single molecules. For each RNA construct, time-resolved E FRET traces were recorded for 30-50 molecules. The rate constants k dock and k undock were calculated from the time-resolved FRET data as previously described (27) . Raster-scanned images of surface immobilized single molecules were collected as previously described (27) . All single-molecule experiments were performed at ambient temperature in standard buffer with an enzymatic oxygen scavenger to reduce photobleaching (30) .
RESULTS
Effect of Various Metal Cations on GAAA Tetraloop-Receptor Docking
The docked state for this GAAA tetraloop-receptor tertiary interaction is stabilized by Mg 2+ ions (24, 25, 27) . Docking of the GAAA tetraloop-receptor construct with an A 7 linker ( Figure  1 ) was monitored by FRET, where there is an increase in acceptor (Cy5) fluorescence and decrease in donor (Cy3) fluorescence upon Mg 2+ -induced docking ( Figure 2a ). These spectra have a clear isosbestic point, which is consistent with a two-state system. The FRET efficiency, E FRET , as a function of Mg 2+ concentration is shown in Figure 2b . The E FRET data were fit to Equation 1 to yield the apparent dissociation constant for binding of Mg 2+ and the Hill coefficient (Table 1 ). This fluorescence assay was used to monitor the metal ion dependence for docking with two other divalent cations, Ca 2+ and Mn 2+ ( Figure 2b ). All three divalent cations promoted GAAA tetraloop-receptor docking with similar sub-millimolar K 1/2 values and Hill coefficients close to 1 (Table 1) .
To test the requirement for direct coordination between metal cations and the RNA, docking was also measured with Co(NH 3 ) 6 3+ , an analogue for hydrated Mg 2+ (31, 32) . The data show that Co(NH 3 ) 6 3+ effectively promotes tetraloop-receptor docking ( Figure 2b ), with a K 1/2 of 0.017 mM that is ≈ 50-fold tighter than the divalent cations ( Table 1 ).
The monovalent cations K + and Na + also promote docking, with K 1/2 values of ≈ 200 mM ( Figure 2c , Table 1 ). Thus, there is a significant population of docked RNAs at physiological monovalent concentrations, which is consistent with our previous single-molecule observations (27) . In contrast to the other cations, the RNA binds Na + and K + cooperatively, with Hill coefficients ≈ 2 ( Table 1) .
Activation Energy and Docking Kinetics for the GAAA Tetraloop-Receptor
The kinetics for tetraloop-receptor docking were measured using ensemble stopped-flow fluorescence experiments, with docking initiated by rapid mixing with Mg 2+ . The timeresolved fluorescence data fit well to a single exponential (Equation 3), yielding an apparent first-order rate constant for docking, k obs . To determine the effect on k obs , experiments were performed with various Mg 2+ concentrations at 23 °C ( Figure 3a , Table 2 ). These stopped-flow data do not resolve docking and undocking events, so the measured k obs corresponds to the approach to equilibrium, k dock + k undock . As seen in Table 2 , the k obs values measured here are all within 1.5-fold of the k dock + k undock values previously measured by single-molecule techniques (27) .
To determine the apparent E a for docking, k obs was measured between 9 and 44 °C at 10 mM Mg 2+ . The resulting Arrhenius plot yields an E a of 12.7 ± 2.6 kcal/mol (Figure 3b ). Because k obs is the approach to equilibrium, this value does not represent a true E a . However, at room temperature k dock ≫ k undock (27) , so the k obs from the stopped-flow data is ≈ k dock . The docking equilibrium will be shifted towards the undocked state at higher temperatures, making k obs greater than k dock . As a result, the E a determined from k obs ( Figure 3 ) may be slightly larger than the true value, and 12.7 kcal/mol represents an upper limit for the E a for docking.
Effect of the Length and Composition of the Single-Stranded Linker on GAAA TetraloopReceptor Docking
Two other GAAA tetraloop-receptor constructs were investigated by ensemble FRET experiments. In these constructs, the single-stranded linker was changed from A 7 to U 7 or A 14 (Figure 4a ), and the effect on tetraloop-receptor docking was tested. The Mg 2+ dependence of E FRET was measured for each construct to determine the K 1/2 ( Figure 4b , Table 3 ). The Hill coefficient was close to 1 for all three constructs, indicating noncooperative binding of Mg 2+ ions associated with docking. Therefore, for more direct comparison, the K 1/2 values in Table  3 represent data fits with n defined as 1. The K 1/2 values for the three constructs are similar, ranging from 0.63 to 1.4 mM (Table 3) . Thus, the linkers have a very small effect on the free energy for the docking reaction (ΔΔG o Mg < 0.3 kcal/mol, Table 3 ).
Similar docked states are expected for all three of these RNA constructs because they differ only in the single-stranded linker. However, the RNAs did not show the same minimum and maximum E FRET values in the ensemble FRET experiments (Figure 4b ). Native gel electrophoresis experiments revealed multiple bands for each RNA construct, indicating heterogeneity in the secondary and/or tertiary structures of the molecules (See Figure S1 , Supplementary Information). Significant populations of nondocking molecules (presumably molecules with inactive alternate conformations), as well as molecules with inactive Cy5, were previously observed for this RNA by single-molecule experiments (27) . These effects lead to a background fluorescence that contributes to the measured E FRET but does not affect the shape of the curves in Figure 4b or the corresponding K 1/2 and n values.
Single-molecule FRET Measurements of GAAA Tetraloop-Receptor Docking for RNAs with Different Single-Stranded Linkers
Single-molecule FRET experiments can directly resolve the docked and undocked states and thus determine the equilibrium constant for GAAA tetraloop-receptor docking, K dock . Figure  5 shows plots of time-resolved single-molecule donor and acceptor fluorescence intensity and the corresponding E FRET for the A 7 , U 7 , and A 14 constructs (at 0.35 mM Mg 2+ ). All three constructs have a significant population (≈ 30%) of molecules that remain permanently undocked during the 2-30 s observation time (data not shown), similar to what was previously observed for the A 7 construct (27) . These nondocking species likely have inactive conformations of the tetraloop or receptor and are omitted from further analysis. The actively docking molecules exhibit two-state behavior, with each of the three constructs fluctuating between docked (E FRET ≈ 0.75) and undocked (E FRET ≈ 0.25-0.3) conformations. These results demonstrate how single-molecule techniques can be used to eliminate the fluorescence background arising from heterogeneity observed in Figure 4b .
Values for K dock for the three RNA constructs were determined from the time-resolved FRET traces by calculating the fraction of the time individual molecules spend in the docked and undocked states and then averaging these fractions over many molecules (Table 3) . Individual molecules were typically measured for 2-30 s prior to photobleaching of one of the fluorescence dyes. Comparison of data for the U 7 or A 14 with the A 7 construct show that the length and sequence of the linker have a small effect on the free energy of docking (ΔΔG o dock < 0.4 kcal/mol, Table 3 ).
The time-resolved fluorescence FRET trajectories in Figure 5 were also used to determine the docking and undocking kinetics for the three RNA constructs. The values determined for k dock and k undock at 0.35 mM Mg 2+ are summarized in Table 3 . These rate constants were used to calculate K dock for each of the constructs (Table 3) . These K dock values are within error of those calculated from the populations of the docked and undocked states ( Table 3) .
Inhibition of Tetraloop-Receptor Docking by Complementary Oligonucleotides
The single-stranded linker in this system represents a specific target for inhibition of docking. Hybridizing the linker with a complementary oligonucleotide results in a rigid double helix, which shifts the equilibrium towards the undocked state (Figure 6a ). The thermodynamics of helix formation for RNA-DNA and RNA-RNA helices predict weak association of an A 7 sequence with a complementary oligonucleotide (K D > 0.5 mM) (33, 34) . Consistent with this prediction, no change in E FRET was observed in ensemble experiments when the A 7 construct was titrated with dT 7 or rU 7 (up to 220 μM) under conditions favorable for docking (10 mM Mg 2+ ) (data not shown). However, titration of the A 14 construct with dT 14 or rU 14 caused a clear decrease in E FRET , demonstrating inhibition of docking (Figure 6b ). This inhibition was easily reversed by addition of excess dA 14 or rA 14 to sequester the inhibitor, which restored the E FRET to its initial value (data not shown). The FRET data for the inhibitors fit well to binding isotherms (Equation 2), yielding apparent K D values of 0.51 ± 0.09 and 3.1 ± 0.3 μM for the dT 14 and rU 14 , respectively (Figure 6b ). Tighter association of dT 14 relative to the rU 14 is predicted from the thermodynamics of helix formation (33, 34) . The K D values observed here for helix formation are 2-3 orders of magnitude weaker than the predicted values of 1-10 nM, reflecting the free energy cost of disrupting the tetraloop-receptor interaction.
Raster-scanned fluorescence experiments on the A 14 construct were used to directly visualize docking inhibition of multiple single molecules. These experiments measure donor (green) and acceptor (red) fluorescence intensities, which are plotted as a function of position on the microscope cover slip to yield images that show the relative E FRET of each molecule ( Figure  6c ). A flow cell apparatus was used to image the same RNA molecules under various solution conditions. The A 14 construct is highly docked (red) in the absence of inhibitor (Figure 6c , left panel), undocked after flushing with 10 μM dT 14 (middle panel), and returns to highly docked after flushing with 10 μM dA 14 (right panel). Not every molecule in Figure 6c survives for detection in all three panels due to dye photobleaching or dissociation of the RNAs from the surface.
DISCUSSION
Tertiary folding in RNAs involves formation of stabilizing interactions between two or more highly negatively charged domains. Thus, charge-charge repulsion represents a significant barrier to tertiary structure formation. The association of mono-or divalent cations with the RNA reduces this repulsion, stabilizing the folded structure (4). Tertiary structure formation typically requires divalent cations, where Mg 2+ is normally the physiologically relevant metal (4, 35, 36) . The interplay between Mg 2+ binding and RNA folding is complex, with RNAs being stabilized by both specifically and non-specifically bound Mg 2+ ions (37, 38) . In some cases specifically bound Mg 2+ ions directly coordinate to the RNA, whereas in other instances Mg 2+ makes water-mediated contacts to the RNA (35 FRET is a common structural probe for biological macromolecules (39) , and this method has been applied in a variety of ensemble (40) (41) (42) and single-molecule (38,43-46) studies of RNA structure and folding. Ensemble FRET experiments were used here to probe the ability of various cations to stabilize GAAA tetraloop-receptor docking. All of the cations tested are able to promote docking. The K 1/2 values for the divalent ions Ca 2+ , Mg 2+ , and Mn 2+ are similar for the GAAA tetraloop-receptor (Table 1 ). RNAs such as RNase P and the group I intron also showed little variation in their K 1/2 values for folding with these divalent cations (47) (48) (49) . In our tetraloop-receptor system, Co(NH 3 ) 6 3+ promotes docking much more effectively than the divalent ions (≈ 50 times tighter K 1/2 , Table 1 ), whereas Na + and K + are much less effective than the divalents (≈ 250 times weaker K 1/2 ). Therefore, charge density appears to be an important factor in the ability of a cation to stabilize docking in this tetraloop-receptor system. The Co(NH 3 ) 6 3+ experiments were also used to test whether GAAA tetraloop-receptor docking requires direct coordination between the RNA and a metal ion(s). Mg 2+ can interact with RNA as either a fully hydrated ion complex (Mg(H 2 O) 6 2+ ) or with one or more of the coordinated H 2 O ligands replaced by a ligand from the RNA (35, 36) . By contrast, RNA can only make outer-sphere contacts to Co(NH 3 ) 6 3+ (32) . Our data show that Co(NH 3 ) 6 3+ effectively promotes GAAA tetraloop-receptor docking (K 1/2 = 0.012 mM, Table 1 ). Thus, no inner sphere metal ion-RNA interactions are required for GAAA tetraloop-receptor docking.
The K 1/2 values for these various cations in the GAAA tetraloop-receptor system are similar to what was previously observed for folding of the Tetrahymena ribozyme, which had K 1/2 values of 0.017 mM for Co(NH 3 ) 6 3+ , 0.27 mM for Mg 2+ , and 460-640 mM for Na + and K + (50) . Notably, in the tetraloop-receptor system the K 1/2 values for monovalents versus Mg 2+ differ by only ≈ 250-fold, whereas these values differ by ≈ 2400-fold for the Tetrahymena ribozyme. The hairpin ribozyme and the S15 binding domain of the 16S rRNA also show relatively low K 1/2 values for Na + (200 and 350 mM, respectively) (44,51). However, these K 1/2 values for Na + are considerably weaker than the K 1/2 values for Mg 2+ (≈ 6000-and ≈ 2500-fold, respectively). Thus, the requirement for Mg 2+ over monovalent ions is less stringent for the GAAA tetraloop-receptor interaction than for many other RNA tertiary interactions.
The cooperativity of metal ion binding will also influence RNA folding. The multivalent cations Ca 2+ , Mg 2+ , Mn 2+ , and Co(NH 3 ) 6 3+ all yielded Hill coefficients of ≈ 1 (Table 1) . Hill coefficients for different metal ions vary considerably in other RNA systems. For example, Mg 2+ -induced folding of a natural hammerhead ribozyme is noncooperative (42) , whereas high cooperativity is observed for the full Tetrahymena ribozyme (n ≈ 20 under conditions of 24 mM Na + , 50 mM HEPES pH 7.5, 4-10 °C) and its isolated P4-P6 subdomain (n ≈ 3-5 under conditions of 10 mM sodium cacodylate pH 7.5, 42 °C) (50, 52) . It is important to note that the concentration of monovalent cations can have a large effect on the observed Hill coefficient. Furthermore, Hill coefficients are determined indirectly from the Mg 2+ dependence of native structure formation and thus only measure the cooperativity of the weakest binding Mg 2+ ion (s) necessary for folding. Therefore, a Hill coefficient represents a lower limit for the number of Mg 2+ ions required for folding.
One interpretation of the results here is that the Hill coefficient of ≈ 1 for the divalent ions represents binding to the divalent site observed in the receptor domain in the crystal structure of tetraloop-receptor complex (18) . Previous EPR data for the bimolecular association of a GAAA tetraloop and tetraloop receptor as a function of Mg 2+ also showed a Hill coefficient of ≈ 1 (24) . In addition, gel shift studies yielded a Hill coefficient of ≈ 2 for the Mg 2+ dependence of formation of a homodimer RNA complex containing two GAAA tetraloopreceptor interactions (25) . All these results are consistent with one metal binding site for each GAAA tetraloop-receptor interaction.
In contrast, cooperativity was observed for both K + -and Na + -induced docking (Hill coefficients ≈ 2, Table 1 ). Different cooperativities for monovalent and divalent ions have been observed previously in other RNA systems. For example, Mg 2+ was more cooperative than Na + in the folding of the Tetrahymena ribozyme (50), whereas Na + was more cooperative than Mg 2+ for folding of a 2-way junction hairpin ribozyme (38) , and the same cooperativity was observed for Na + and Mg 2+ in the 4-way junction hairpin ribozyme (51) . If the Hill coefficient of 1 measured here for the divalents represents one ion binding to a specific site in the tetraloopreceptor, then a Hill coefficient of 2 could simply reflect the need for this site to bind two monovalent ions to achieve charge neutralization. Alternatively, electrostatic non-linear Poisson-Boltzmann calculations have been used to model diffusely bound ions in tRNAs, and this study found an average of 1.9 monovalent ions are required to replace each Mg 2+ ion (37) . Thus, the two-fold higher Hill coefficient for monovalents observed here is also consistent with stabilization of the tetraloop-receptor docking by only non-specific, diffusely bound ions.
It is also possible that the difference in Hill coefficients between monovalent and divalent cations results from the specific K + binding site in the GAAA tetraloop-receptor interaction previously observed by X-ray crystallography (53) . NMR studies have shown that the free receptor has a significantly different conformation than the tetraloop-bound receptor (17) , so this specific monovalent binding site likely is not formed in the undocked state. The n ≈ 2 observed for K + -and Na + -dependent docking could result from cooperative binding of two monovalent ions to form the docked state. However, because the solution contains 100 mM NaCl, cooperativity would not be observed for the multivalent cations if the specific monovalent site can simply bind Na + once the docked state forms in the presence of the multivalent ion.
The E a of 12.7 kcal/mol for the GAAA tetraloop-receptor is much smaller than what has been observed for folding of several larger RNAs such as the Bacillus subtilis RNase P (50 kcal/ mol) (54) and the P4-P6 (26 kcal/mol) (55) and P3-P7 (23 kcal/mol) (56) domains of the Tetrahymena ribozyme. Large E a values such as these can result from breaking stable interactions in unfolded, intermediate, or misfolded states in the folding pathway (54) (55) (56) (57) . Other RNAs have much smaller E a values for folding; for example, the 2-way junction and 4-way junction hairpin ribozymes (1-5 kcal/mol) (58) or the catalytic core of the bI5 group I intron (0.5 kcal/mol) (59) . Conformational searches have been proposed to dominate the folding rates of these RNAs (58, 60) . The significant E a value for the GAAA tetraloop-receptor system suggests that the docking rate is dominated by breaking stable interactions in the undocked state rather than by a conformational search. As noted earlier in the discussion, the receptor has significantly different conformations in the free-and in the receptor-bound states (17, 18) . Since the docked-state conformation contains a Mg 2+ binding site, Mg 2+ would be expected stabilize this conformation even in the absence of the tetraloop. However, EPR studies of a spin-labeled receptor domain have shown that the docked-state conformation is not significantly populated in the free receptor, even at very high Mg 2+ (125 mM) (61) . Thus, the free-state conformation of the receptor appears to be quite stable, and a significant portion of the observed E a may simply represent the cost of breaking the favorable interactions in the free-state to form the docked-state conformation.
To test the effect of the A 7 single-stranded linker on docking in our GAAA tetraloop-receptor system, control experiments with U 7 and A 14 linkers were performed. The K dock values measured from single-molecule FRET experiments for U 7 and A 14 are within a factor of two of A 7 (Table 3) , demonstrating the docking equilibrium is not significantly affected by the length or composition of the linker. The K dock for the A 14 construct is slightly smaller than for A 7 , which may simply reflect a somewhat larger entropic cost for docking in the A 14 construct. Weaker base stacking for an oligo U compared to oligo A sequence makes the U 7 linker more flexible than the A 7 , leading to the slightly larger K dock for the U 7 construct than for the A 7 . These results are confirmed by the ensemble FRET measurements, which show similar K 1/2 values and Hill coefficients for the three linkers (Table 3) .
Another estimate for K dock can be obtained from the inhibitor studies on the A 14 construct. If we assume the reaction in Figure 6a consists of two steps, disruption of the docking interaction and formation of an A 14 -U 14 duplex, then the ΔG o for the overall reaction is the sum of the ΔG o s for the two steps. For the U 14 inhibitor, the ΔG o for the overall reaction determined here is −7.52 kcal/mol (K D = 3.1 μM at 10 mM Mg 2+ ). The ΔG o for formation of an A 14 -U 14 duplex is −9.82 kcal/mol, as calculated by summing nearest neighbor parameters, a penalty for duplex initiation, and a penalty for two terminal A-U base-pairs for an RNA-RNA duplex (34). The 2.30 kcal/mol difference between these values is the apparent ΔG o for undocking (K dock = 49), which agrees reasonably well with the K dock of 19 measured by single-molecule experiments under these Mg 2+ conditions (A 7 linker, (27) ). For the dT 14 inhibitor, the ΔG o for the overall reaction was measured as −8.58 kcal/mol (K D = 0.51 μM at 10 mM Mg 2+ ). A ΔG o of −12.3 kcal/mol was calculated for formation of an A 14 -dT 14 duplex using RNA-DNA nearest neighbor parameters, a penalty for initiation of an RNA-DNA duplex (33) , and the same penalty as above for the two terminal A-dT base-pairs. This yields a K dock of 530, which is significantly different from the K dock = 19. Thus, this method for calculating K dock overestimates free energy for docking, indicating that other factors besides the energy of duplex formation need to be taken into account to accurately model binding of the inhibitor.
Regulation of GAAA tetraloop-receptor docking with these complementary oligos suggests an intriguing application, that of an RNA-based nanomolecular machine. Binding of the oligos results in a significant linear movement of the tetraloop relative to the receptor, and this motion is reversed by removal of the inhibitor. This motion represents a two-stroke cycle of extension and contraction driven by oligonucleotide "fuel." Previous studies have explored conformational changes in nucleic acids as potential nanodevices, such as DNA systems that switch between: i) a G-quadruplex and an extended duplex, ii) a B-form helix and a Z-form helix, or iii) a "tweezer" system that switches between closed and open states (62) . Similar to the G-quadruplex system, the tetraloop-receptor device here employs hybridization of the complementary oligo to switch between compact and extended states (63) . In the extended state of the tetraloop-receptor device both the tetraloop and the receptor are available to interact with other molecules. This property could be exploited to design a system that reversibly switches between unimolecular and bimolecular states. For example, the homodimer tetraloopreceptor system previously described by Jaeger et al. (25) could be modified to function in this way by replacing the double-stranded region between the tetraloop and the receptor with a single-stranded region. In the absence of the complementary oligo this system would form an intramolecular tertiary interaction, and in the presence of the oligo the system would switch to the dimer state.
The single-molecule kinetic data for the A 7 , U 7 , and A 14 constructs yield nearly identical k undock values, with small differences for the k dock values (Table 3) . Thus, disruption of interactions between the tetraloop and receptor associated with the undocking reaction does not appear to be affected by the linker length or composition. However, the linker may have a small effect on the docking reaction by changing the rate of collision between the two domains. The rate constant for collision between two RNA domains joined by a short flexible tether (such as a single-stranded domain) has been estimated to be ≈ 10 6 s −1 (45) . This value is orders of magnitude greater than the k dock values measured here for the tetraloop-receptor (≈ 10 1 s −1 ). A simple interpretation for this large difference is that only a small fraction of the collisions result in docking, as has been proposed for other RNAs (45) . Thus, the rate constant for conversion of the free receptor conformation to the bound receptor conformation is likely much smaller than the rate constant for collision of the tetraloop and receptor domains.
The similarities in the kinetic and equilibrium data for the different linkers (Table 3) indicate that the single-stranded linker acts primarily as a passive tether between the GAAA tetraloop and receptor. Thus, is it instructive to compare the results with the homodimer tetraloopreceptor system discussed above, where the system was designed to position optimally a tetraloop for docking to its receptor (25) . This homodimer system (which is stabilized by two GAAA tetraloop-receptor contacts) has a K A of 2.3 × 10 8 M −1 (K D of 4.3 nM) at 15 mM Mg 2+ . Formation of the homodimer can be described by the two-step reaction illustrated in Scheme 1. The K A for the first step can be estimated as the K A for bimolecular binding of a single GAAA tetraloop and receptor, which has been previously measured as ≈ 1 × 10 3 M −1 at 15 mM Mg 2+ (24) (K D ≈ 3 mM, which is divided by 4 here to account for the selfcomplementary homodimer construct). Since the equilibrium constants for both the overall reaction and first step are known, K dock for the second step is calculated as 2 × 10 5 . The second step is more favorable because the first step includes a high entropic cost for bringing the two molecules together, and thus the second step is effectively an intramolecular docking event. This K dock of 2 × 10 5 can then be compared with the intramolecular A 7 system, where K dock = 19 (at 10 mM Mg 2+ ) (27) . This 10 4 -fold difference in K dock for these two systems is quite striking. To try to understand the origin of this difference, a simple model was used to estimate K dock for a completely flexible linker. This model assumes that the only function of the linker is to restrict the accessible volume for the GAAA tetraloop relative to the receptor. For the A 7 linker, the accessible volume is modeled as a sphere with a radius ≈ 38 Å (the maximum combined length of the linker and the tetraloop domain). The effective concentration of the tetraloop domain in this volume is 14 mM (assuming 50% of the volume is excluded by steric hindrance). The previously measured K D of ≈ 4 mM (at 10 mM Mg 2+ ) for the bimolecular association of a GAAA tetraloop and receptor (24) predicts 80% occupancy of the docked state at a 14 mM effective tetraloop concentration, which corresponds to a K dock of 4 for an intramolecular system. This prediction agrees reasonably well with the previously measured K dock of 19 for the A 7 construct (27) . These results confirm that the single-stranded linker is well modeled by a passive flexible tether. Thus, the 10 4 -fold difference in (intramolecular) K dock between a flexible linker versus the optimized homodimer system should not be unexpected and emphasizes the critical effect that optimal positioning can have in stabilizing RNA tertiary interactions.
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Refer to Web version on PubMed Central for supplementary material. RNA construct for probing intramolecular GAAA tetraloop-receptor docking. The GAAA tetraloop (bold) and the tetraloop-receptor (outlined) are connected by an A 7 single-stranded linker (italics). The curved arrow illustrates the freedom of motion between the tetraloop and receptor domains allowed by the single-stranded linker. The docking and undocking reactions were monitored by FRET between the Cy3 and Cy5 fluorophores, where the Cy3-Cy5 distance is ≈ 35 Å in the docked state (18) and up to ≈ 70 Å in the undocked state. The 5′-biotin strand facilitates immobilization on a surface via interaction with streptavidin. Table 1 ). Table 2 ). (b) Arrhenius plot (Equation 4) of the temperature dependence of k obs at 10 mM Mg 2+ . An E a for docking of 12.7 ± 2.6 kcal/mol was determined from a linear fit of the data (solid line). Table 3 ). (27) . Table 3 Thermodynamic and kinetic parameters GAAA tetraloop-receptor constructs with different single-stranded linkers 
